We report on the realization of scalable single-photon sources (SPSs) based on single site-controlled quantum dots (SCQDs) and deterministically fabricated 
Introduction
The development and optimization of quantum light sources is a central topic of quantum nanophotonics and advanced quantum communication. The latter requires close to ideal properties in terms of suppression of multi-photon emission, photon indistinguishability, and entanglement fidelity to implement for instance the quantum repeater protocol for long-distance quantum communication [1] . In principle, self-assembled quantum dots (QDs) are supreme candidates to meet these stringent requirements. However, due to their random positions and emission energies it is a great technological challenge to integrate single QDs in a well-controlled way into photonic structures to enhance their photonextraction efficiency and to improve their quantum nature of emission. Popular approaches for efficient light outcoupling include photonic wires [2] , micropillar cavities [3] and microlenses [4] . In parallel, during the last decade deterministic nanoprocessing technologies based on optical and electron-beam in-situ lithography have been developed and refined in order to integrate single self-assembled QDs into high-quality micropillar cavities [5] , circular dielectric gratings [6] and microlenses [4] . Although this deterministic nanotechnology approach has been exploited very successfully for the realization of sources generating indistinguishable single- [7] or twin- [8] photon states based on self-organized QDs, it is less suitable for the realization of ordered arrays of quantum light sources, due to the random spatial position of the selected QDs. This represents a major hurdle for the realization of parallel optical links for, e.g., photonic quantum circuits that require a multitude of matching single-photon sources (SPSs). A prominent example is boson sampling on a photonic chip based on nonclassical interference of photons in an integrated photonic circuit, [9] and quantum computing based on photonic coupling in an array of QDs. [10] In order to upscale the realization of QD-based SPSs and to eventually enable such appealing applications, one needs to apply advanced growth techniques which allow for the site-controlled nucleation of single QDs. Prominent examples for the realization of site-controlled QDs are based on top-down etching techniques, [11] site-selective growth on nanohole-arrays, [12, 13, 14] inverted pyramids [15, 16] and buried-stressors [17] respectively. In this Letter we present a concept which combines the advantages of site-controlled growth, in-situ electron-beam lithography and microlenses to realize highly efficient single-photon emitters in a potentially scalable nanotechnology platform.
We apply the buried stressor approach which is based on the selective oxidation of an AlAs add-layer in a semiconductor heterostructure. [18] The controlled oxidation allows for stress engineering in the overlying layers [19] due to a reduced volume of the oxidized layer by about 12-13 %. [20] During a subsequent overgrowth, In(Ga)As QDs tend to nucleate at the maximum tensile strain emerging over the underlying AlAs aperture. Hereby, the diameter of the aperture influences the strain distribution at the surface in a way that for small aperture diameters and proper adjusted QD growth parameters single QDs can be grown above the oxide aperture. Compared to QDs aligned to etched nanohole-arrays, this type of site-controlled QDs (SCQDs) does not suffer from close-by etched surfaces, enabling a high optical quality similar to that of standard self-assembled QDs. [21] This advantage is obtained at the cost of a rather gentle site control which can lead to a slight displacement from the aperture's center towards the aperture's boundaries between the oxidized and non-oxidized regions. Therefore, the precise determination of the SCQD's position is inevitable before fabricating a microlens since a lateral displacement ≥ 50 nm of the emitter would lead to a significant decrease of the extraction efficiency. [4] In-situ EBL allows for an alignment accuracy of 34 nm [22] and, hence, fulfills the aforementioned requirements.
Sample fabrication and simulations
The sample fabrication is schematically presented in Fig. 1 on the numerically optimized layer design (details on the simulation will be given below). First, a 300 nm thick GaAs buffer layer and the DBR consisting of 27 pairs of λ/4 thick Al 0.90 Ga 0.10 As/GaAs are grown followed by a 30 nm thick AlAs layer sandwiched in 40 nm thick Al 0.90 Ga 0.10 As claddings. The first growth step is finalized by an 80 nm thick GaAs capping layer. Next, an array of quadratic mesa structures with a base width of 20 to 21 µm is processed with a pitch of 260 µm into the template by UV lithography and inductively-coupled plasma reactive-ion dry etching (ICP-RIE). After selective oxidation of the apertures the second epitaxial growth step is performed. It starts with the growth of a 50 nm thick GaAs layer followed by the Stranski-Krastanow growth of InAs SCQDs and a 418 nm thick GaAs capping layer which corresponds to the numerically optimized height of the lenses (cf. Fig. 1 (a) ). Subsequently, the sample is spin-coated with 110 nm of the electron-beam resist CSAR 62 [26] followed by in-situ EBL. [4, 27] The bottom part of Fig. 1 nm. During in-situ EBL, lenses with the optimized height (h = 418 nm) and radius (r = 1040 nm) (cf. Fig. 2 (a) ) are written into the resist at the positions of the identified SCQDs. The CL mapping is performed with an exposure dose corresponding to the positive-tone regime of the used resist while the lens writing is done in the negative-tone regime [26] resulting in a removal of the resist from the scanned area except for the lens position in the following development step (the mapped area is marked by a yellow dashed rectangle in Fig. 1 (b) and   (d) ). The fabrication is finalized by ICP-RIE (cf. Fig. 1 (c) ) followed by an SEM-based analysis of the lateral displacement of the microlenses with respect to the aperture's centers. Fig. 1 (d) presents an SEM image of the fully processed device and a zoom-in of the microlens (inset). It is noteworthy, that the presented approach provides a high yield for the realization of SCQDs. In the present study 17 out of 27 mesa structures contained a SCQD corresponding to a yield of 63 %. The average displacement of the SCQDs from the center of the oxidized aperture was determined to be 640 nm for a given aperture side-length in the range between 1200 and 1600 nm.
Prior to the above-described sample fabrication, the structural design was optimized in order to maximize the photon-extraction efficiency η. The simulation results presented in Fig. 2 were obtained using the finite-element software package JCMsuite. [23] In the simulations we consider an oxide aperture of 800 nm side-length which is typical for the processing of SCQDs. The aperture is integrated in the uppermost DBR pair while the distance of λ/2n, where n is the refractive index of GaAs, between the aperture and the dipole emitter allows for the dipole alignment with the antinode of the electrical field in vertical direction. The height and radius of the microlens are varied in the simulations to maximize η while the emitter is located in the center of the lens base. Fig. 2 (a) shows the result of a corresponding parameter scan performed for an emission wavelength of 925 nm and a numerical aperture NA = 0.4 of the collection optics. We find a rather broad region with an extraction efficiency η > 26 % and a maximum of 26.6 % for a lens height of 418 nm and a lens radius of 1040 nm. The inset of Fig. 3 shows a µPL spectrum detected at an excitation power of 16.9 µW. The single emission line with a resolution limited linewidth is associated with a trion state of the QD presented above (cf. Fig. 1 (b) ) in the center of the microlens. The corresponding excitation-power-dependent integrated intensity of this excitonic transition is plotted in the main panel of of η = (21 ± 2) % for the investigated QD at saturation pump power (both numbers were measured and calculated analog to the procedure described in Ref.
[4]). A moderate deviation of the determined extraction efficiency from the theoretically calculated value of 26.6 % can be attributed to aberrations in radius and height of the lens during the dry-etching step as reported previously. [28] This record-high photon-extraction efficiency for SPSs based on SCQDs reflects a high quality of the structures and the fabrication accuracy achieved by in-situ EBL.
The quantum nature of emission of the SCQD-microlens is probed by performing a photon-autocorrelation measurement at an excitation power of 1 µW. lay with g (2) (τ = 0) < 0.06 (cf. inset of Fig. 4 (a) ). The observed antibunching is limited by recapture processes which are typical for non-resonant excitation as applied here and that lead to a repopulation of the QD with charge carriers with a small but finite probability and with a time delay of τ cap . [29, 30] Then, after the decay time τ dec the secondary photon emission occurs resulting in the aforementioned maxima at small τ . The g (2) (τ ) at small time delays can be described with the following expression: [31, 24] 
with the offset B determining the background (shown as a grey area in Fig. 4 (a)) taking into account the APDs' dark counts and the laser background. [32] The aforementioned time constants are determined independently by means of a time-resolved measurement (Fig. 4 (b) ) resulting in τ dec = (0.77 ± 0.02) ns and τ cap = (8.13 ± 0.05) ns. Finally, the measured data is fitted with a function based on Eqn.
(1) for the central region and a biexponential function including the time constants τ dec and τ cap for the side peaks (red line in Fig. 4 (a) ) resulting in g (2) (τ = 0) = 0.03 ± 0.01 with B = 0.02.
Conclusions
In conclusion we presented a novel fabrication platform which allows for the deterministic integration of SCQDs into microlenses. This scheme is highly attractive since it leads to an enhanced photon-extraction efficiency without the need for a complex overgrowth of the SCQDs with a DBR which would be required in case of cavity enhanced SPSs. [12] The fabricated devices show a 
